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i摘 要
在当今追求科技产品多功能的信息时代，人们对于光电器件和电子器件的
性能要求日益提高。而大多数对于器件基础物理研究关键在于界面物理问题的
研究。因此各种关于新型的界面几何结构和电子结构及其性质的研究对于器件
的开发具有重要的意义。鉴于此，本文重点对当今所热门的氧化锌（ZnO）基
半导体材料的界面研究进行阐述，主要集中在六方相和四方相界面几何结构的
耦合行为机制。其主要出发点在于，以 ZnO、GaN为主导的光电材料和大多数
二维材料都是六方结构，而 Si基电子材料、Fe基磁性材料及其超导材料、以
SrTiO3为代表的高介电材料等主要都是四方结构。因此研究四方结构和六方结
构的几何耦合问题有助于实现这两类材料的集成，具有重要的科学意义。
本文的第一部分工作是选择具有比较简单的立方岩盐矿结构的MgO（001）
作为基底，然后通过分子束外延技术来制备六方 ZnO薄膜， 从而研究六方与
四方的界面结构耦合行为。XRD、RHEED和 AFM实验结果表明，外延生长的
六方结构 ZnO薄膜很容易受到外延条件影响而出现不同取向，其中温度可以作
为调控 ZnO薄膜生长取向如从极性到非极性面的一个决定性参数。分子动力学
计算表明，导致这样的现象的原因在于极性界面能高于非极性的界面能。当温
度升高时，这种取向变化就会类似于界面结构从亚稳态稳态结构的转变。
RHEED、XRD的极图以及高分辨的 TEM数据证明，极性生长时，出现 30o旋
转的双晶畴结构，界面结构界面的关系是：
(001)[100]ZnO-Ⅰ//(001)[110]MgO和(001)[120]ZnO-Ⅱ//(001)[1-10]MgO；
非极性生长时，界面几何关系是：
(100)ZnO-I || (001)MgO, [001]ZnO-I || [140]MgO, [011]ZnO-I || [110]MgO;
(100)ZnO-II||(001)MgO, [001]ZnO-II || [-140]MgO, [011]ZnO-II ||[-110]MgO;
(100)ZnO-Ⅲ||(001)MgO, [001]ZnO-Ⅲ||[-410]MgO,[01-1]ZnO-Ⅲ||[1-10]MgO;
(100)ZnO-Ⅳ|| (001)MgO, [001]ZnOⅣ|| [410]MgO, [011]ZnO-Ⅳ||[1-10]MgO.
有趣的是对于非极性面，我们没有看到二度旋转的双晶畴界面结构：
(100)[001]ZnO//(001)[100]MgO 或者 (100)[001]ZnO//(001)<110>MgO,
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分子动力学计算结果表明，这里两种非极性界面能都大于我们实验观察到的界
面能。此外，随着薄膜厚度的增加，ZnO薄膜会发生从极性面生长突变到非极
性面的生长。另外，高分辨的 TEM数据显示，极性和非极性界面有一个共同点
是一种半共格失配耦合的，不同点是非极性界面存在一个四方相 ZnMgO过度
层，并且这个大约是 5-6个原子层。本文还利用 XAFS谱特点研究了 ZnO取向
演变的电子结构，说明较低温外延的薄膜配位数少于生长温度的薄膜，这是由
于低温外延的薄膜有很多的非晶态的结构，导致配位数少，并且还存在局部的σ
键变长。同时 CL实验结果还证明结晶性好的薄膜光学性质优于结晶性差的光
学性质，可能是因为界面的非晶态和局部的晶格变长会导致能带结构改变。
本文的第二部分工作侧重于以ZnO为代表的光电材料与以SrTiO3为代表的
具有高介电常数强的材料的耦合。这两种材料分别作为微电子器件中“有源器
件”和“无源器件”的基础，它们之间的界面耦合有助于下一代更轻薄的电子
器件的研发。主要研究工作是，利用 PLD的薄膜制备技术在 O面 ZnO上制备
出 SrTiO3薄膜，并且通过原位的特点分析方法研究其界面及其薄膜的电子结构
和性质。XPS和 XAS数据表明，在界面处（大概 2nm左右），发现了有 Ti3+态
的存在。但是到了厚度超过了 6nm后，Ti3+态消失。这说明，不是因为制备的
原因带来了O空位而产生了 Ti3+态，可能是因为界面耦合作用在界面产生了 Ti3+
态。而 XAS数据间接地证明了这个多余的电子进入了导带中的 t2g态。UPS结
果显示，对于以 600℃为衬底温度所生长的薄膜样品，SrTiO3 / ZnO界面处价带
是连续的，界面处价带呈向上弯曲的状态，I-V特性也间接证明了这一结论。
该结果与很多在高掺杂的SrTiO3衬底上所制备的ZnO薄膜或者纳米结构具有明
显不同的特性。
关键词：ZnO；MgO；SrTiO3；分子束外延；激光脉冲沉积；界面；耦合，TEM；
吸收谱；分子动力学。
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Abstract
As there is an arising demand for high-technology products with multiple
functions, optoelectronics with top performance is highly desirable. And yet the most
fundamental physical study on the devices is based on the study of the
interfaces. Therefore, it is of great importance to study the geometrical and
electronic structure of all kinds of the new interfaces for the explorations and
fabrications of the devices. For such consideration, this work mainly focuses on the
study of oxide interfaces based on zinc oxide semiconductor. The key point is to
investigate the coupling between cubic phase and hexagonal phase. This is motivated
by the fact that, most optoelectronic materials, represented by the ZnO and GaN, and
their affiliated 2-dimensional materials are of hexagonal structure, while the
electronic materials based on the Si, ferromagnetism materials, superconductor and
the correlated systems based on the transition metal oxides, as well as high dielectric
materials such as SrTiO3 are of cubic phase. Therefore it is of great importance to
investigate the coupling between cubic and hexagonal structures, which hopefully
can provide some guidelines for the integration of these two classes of materials.
The first part of thesis work centers on the integration of hexagonal ZnO with
MgO(001) that has simply rock-salt cubic structure, prepared by the molecular beam
epitaxy method. The data from the AFM, RHEED and XRD demonstrated that the
growth directions of the films are tailored by the growth conditions. The growth
directions will change from [001] to [100] azimuth with increasing growth
temperature. The molecular dynamics calculation results reveal that the interface
energy for the polar plane growth is higher than that for the nonpolar growth. When
the growth temperatures become higher, the transition of the growth directions is
similar to the case in which the interfacial structure transforms from metastable to
stable. Besides, according to the analysis from the RHEED, XRD-pole figure and
HRTEM, we obtain the interfacial relationship for the polar plane films (with double
domain structure rotated 30o) as follows:
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(001)[100]ZnO-Ⅰ//(001)[110]MgO, and(001)[120]ZnO-Ⅱ//(001)[1-10]MgO；
While for the nonpolar films, the relationship follows:
(100)ZnO-I || (001)MgO, [001]ZnO-I || [140]MgO, [011]ZnO-I || [110]MgO;
(100)ZnO-II || (001)MgO, [001]ZnO-II || [-140]MgO, [011]ZnO-II || [-110]MgO;
(100)ZnO-Ⅲ || (001)MgO, [001]ZnO-Ⅲ || [-410]MgO, [01-1]ZnO-Ⅲ || [1-10]MgO;
(100)ZnO-Ⅳ|| (001)MgO, [001]ZnO-Ⅳ|| [410]MgO, [011]ZnO-Ⅳ|| [1-10]MgO.
For the nonpolar ZnO films, no such double domain feature is observed:
(100)[001]ZnO//(001)[100]MgO or (100)[001]ZnO//(001)<110>MgO
This result is consistent with the molecular dynamic calculations, which indicates
that the interfacial energy of the two interfaces above is higher than our experiment
observation. It is also found that, the growth direction mutates from [001] to [100]
azimuth with the film thickness increases. Besides, the HRTEM images show that
both polar and nonpolar interfacial coupling is due to semi-coherent mismatch.
There are several different features between polar and nonpolar interface. For
example, for the non-polar interface, there exists a cubic ZnxMg1-xO buffer structure
that is about 5-6 atomic layer, which is absent in the polar interface. Furthermore, the
XAFS technique is used to study the evolution of the ZnO films from low
temperature to higher temperature growth, which reveals that the lower temperature
growth leads to the smaller coordination number with poorer optical properties as
shown by CL spectra. This can be attributed to the amorphous boundary and the
locally elongated lattices during the lower temperature growth films, which results in
the change of band structure.
The second part of the thesis work focuses on the interface between
semiconductor ZnO and high dielectric SrTiO3, which are bases of “active device”
and “passive device”, respectively. The integration of ZnO and SrTiO3 will thus be
helpful for the fabrication of next generation of optoelectronics featuring thinner and
lighter characteristics. The SrTiO3 films were deposited on the O-ZnO plane
substrate by the PLD method. The evolution of electronic structures from substrate
to film is characterized by the in-situ photoemission and absorption techniques. Both
XPS and XAS indicate the appearance of Ti3+ states at the interface, which
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vdisappears beyond the film thicknesses of 6nm. The Ti3+ states are suggested to
result from the coupling between the film and substrate instead of the O vacancy.
Besides, the XAS demonstrates indirectly that the excess electrons transfer to the
Ti-t2g states at the conduction bands. The UPS results from the sample grown at the
substrate temperature of 600℃ show that both valence bands from STO films and
ZnO substrates are continuous and bending upwardly, which is further confirmed by
the I-V characteristic. These results are different from the features of the ZnO films
or nanostructures deposited on the SrTiO3 substrates with heavy doping.
Keywords: ZnO; MgO; SrTiO3; Molecular Beam Epitaxy; Pulsed Laser Deposition;
Interface; Coupling; TEM; XAS; Molecular dynamics.
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1第一章 绪论
在追求科技信息和能源的时代，研究者们一方面在提高器件的功能和效率，
另一方面，也在发开研究新型器件来满足人们对时代发展的需求。而器件的基础
研究关键在于界面的研究，这正如 Herbert Kroemer 在他的诺贝尔演讲中所说到
的“通常可以这么说，界面就是器件”(Often, it may be said that the interface
is the device)[1]。这说明了，许多器件的性质和功能，是由材料耦合出的界面
决定的，而不是体材料的性质来决定。一定意义上，对于器件的研究开发，就是
对各种材料耦合界面的研究开发。
一直以来，对于不同材料之间的耦合，大多数都是选择结构差异很小的两种
材料耦合，这给器件的设计带来很多限制。近年来，有源和无源器件之间的耦合
成为大家研究的热点。我们知道，像热门光电材料 GaN 和 ZnO 这类有源材料都是
六方结构，但是多铁性和磁性这类无源材料都是钙钛矿结构。也就是说很多的重
要无源材料是四方结构。如果要开发这类无源与有源材料的耦合，必然会涉及到
晶格失配很大材料之间的耦合。因此结构差异很大耦合的研究也是非常有必要
的，这将会为新器件的研究和开发提供重要的科学价值。本工作的研究选择结构
差异很大的材料来研究界面耦合问题。ZnO 作为第三代宽禁带半导体具有诸多的
优点，例如环保，带隙宽，自由激子束缚能大等[2-7]。而 MgO 是典型的四方结构
材料，也是很多材料制备的良好基底[8-12], 同时也是 ZnO 高压相结构，并且可以
制备成 ZnxMg1-xO 混晶结构[13-16]，在可见光到深紫外光之间带隙可调。所以选择 ZnO
和 MgO 作为六方结构与四方相的耦合具有很好的代表意义。另一方面，SrTiO3
（STO）作为当今最热门的强关联材料之一，在超导，二维电子气，磁性材料方
面等各个领域有诸多的优点。因此，ZnO 与 STO 耦合可能会引领一种新型器件的
开发，同时具有重大的学术意义。
1.1纤锌矿 ZnO 生长取向以及晶粒旋转问题
实验表明，薄膜或者其他纳米材料很容易受到基底和制备条件的影响而产生
不同的生长取向，ZnO就是这样的情况。表 1-1说明各种基底和生长条件的不同
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